Abstract. This paper deals with the deposition of a-C:H and a-Si:H using the expanding thermal arc technique. The method is compared with other deposition techniques. The basics of the technique are explained and recent results on the deposition of high-quality a-C:H and a-Si:H are discussed. It is shown that high rates, 7 nm s −1 for a-Si:H and 50 nm s −1 for a-C:H, are possible without loss of quality.
Introduction
Plasma deposition of thin amorphous films is still an important industrial activity, because certain properties of thin films cannot be attained using techniques which do not employ plasmas. In a plasma it is possible to generate almost every deposition precursor at relatively modest energy input. This is advantageous because in this way the substrate temperature remains relatively low. Furthermore, material combinations can be tuned by varying the plasma properties. Especially during the last decade, plasma deposition techniques have been improved further, regarding both film quality and deposition rate.
However, it is still a fact that certain large-scale applications of thin amorphous films are hampered by the relatively high production costs. This is not only related to the high cost of plasma-deposited thin films but also to such aspects as substrate costs and packaging. Amorphous silicon (a-Si:H) thin film solar cells may serve as an example of the latter. Still an issue in the production of a-Si:H solar cells is the deposition rate of the intrinsic a-Si:H film. Increasing the deposition rate of a-Si:H at a quality similar to that produced using the classical RF glow discharge could mean a breakthrough in long-term production of our energy needs [1] . Another example concerns the large-scale deposition of corrosion protective amorphous hydrogenated carbon (a-C:H) films on steel to replace the environmentally polluting electrogalvanization process [2] . It is evident that the production costs of the plasma-deposited films in this case should be low in order for them to be a realistic alternative. Fast deposition both of a-Si:H and of a-C:H becomes even more interesting if the properties of the deposited films can be improved at larger growth rate; this has been reported for a-Si:H under specific conditions [3] . This paper deals with an approach of fast deposition of a-Si:H and a-C:H using an expanding thermal plasma.
In the next section we will compare this approach with other high-plasma-density sources. Different properties such as electron density and temperature, the ionization and dissociation mechanisms of the injected precursor gas and the influence of transport processes on these mechanism will be dealt with. Finally, recent results of the expanding thermal plasma deposition of a-Si:H and a-C:H will be presented.
Deposition methods
In plasma deposition several sub-processes can be distinguished. First the plasma is generated either directly in the precursor gas or in a carrier gas. The electrons, or as we will later see, the ions, dissociate and ionize the precursor molecules, thus producing radical fragments and ions. They diffuse or flow towards the substrate, where they may be either chemisorbed or physisorbed, and contribute to film growth. Several surface processes may occur in the adsorbed film on top of the growing film and various advanced in situ techniques have been developed to monitor these different processes [4] [5] [6] [7] . They comprise reflection, adsorption, abstraction and desorption of the radicals and of stable molecules such as H 2 , CH 4 and SiH 4 [8, 9] . These reflected, abstracted and desorbed radicals and stable molecules re-enter the plasma again, thereby contributing to the complicated plasma chemistry. Hence, to describe and to understand the deposition process we need to consider the chemical kinetics of the plasma and the dynamics including re-circulation flows and surface processes [10, 11] . The uncertainties in the rate coefficients and in the plasma surface interaction make further development of models and experimental verification necessary. As mentioned, the perspective is, however, rewarding, because a better understanding of the deposition process could lead to an increase in deposition rate while maintaining or even improving the quality.
The first widely applied plasma is the capacitively coupled RF plasma source [10, 12, 13] . In this type of plasma the excitation occurs usually at 13.56 MHz, which is applied to one of the electrodes. Typical plasma densities of the order of 10 16 m −3 are obtained and the operating pressure is in the 10-100 Pa range. In these plasmas dissociation, ionization and excitation are dominated by electron kinetics as illustrated for example in a SiH 4 plasma SiH 4 + e → SiH
(1)
Typical rates for both processes are of the order of 10 −15 -10 −16 m 3 s −1 for electron temperatures in the range of 3 eV. It should be mentioned, however, that the electron distribution is strongly non-Maxwellian which means that the temperature indicated refers to an average of the bulk of the distribution. At the indicated values for the electron density and temperature and a typical neutral particle density of 10 21 -10 22 m −3 ion fluxes of 10 19 m −2 s −1 are produced and somewhat higher fluxes of radicals (dissociation degrees of 10 −4 -10 −3 are typical for SiH 4 plasmas). It should be noted that stable molecule production at the surface is an important loss process of radicals [10, 11] . These net radical fluxes lead typically to deposition rates of 0.1-1 nm s −1 . Ions are accelerated in the self-induced bias towards the substrate with energies in the 30-300 eV range, depending on plasma conditions. A complication is the negative ion production, for example
which eventually leads to particulate growth as negative ions are confined within the glow region of the discharge. Here we will not deal with these complications and we refer to the relevant literature [14] . Another important route of radical generation is by means of secondary reactions of the formed radicals, for example
Advantages of the RF capacitively coupled discharge are the large availability, the easy operation and the demonstrated production of high-quality material both for a-Si:H and for a-C:H deposited homogeneously over large areas (> 100 cm 2 ). Disadvantages are the usually large ion energy which leads to surface damage, the low growth rate, particulate production at high power and the impossibility of controlling the plasma parameters (such as electron density, radical density and ion energy) independently. The latter is a consequence of the fact that the plasma is active, namely in the ionizing state, which imposes constraints on the operating pressure, dimensions, power density and thus radical and ion fluxes. The relative success of this type of discharge should therefore be put in perspective and one must conclude that this success is more historically determined than based on a proper comparison between the different plasma sources presently available.
As a consequence of the disadvantages of the RF capacitively coupled plasma mentioned and the urge to increase the growth rate while maintaining quality, several high-density plasma sources were developed during the past decade. Among these are the electron cyclotron resonance plasma source [15] , the helicon wave-induced plasma source [16] , the RF inductively coupled plasma source [17] and the microwave-induced plasma source [18] . An important difference with the RF capacitively coupled plasma is the fact that these types of plasmas are remote; that is, the plasma production is upstream and the treatment is downstream. In this way a geometrical separation is obtained and the different plasma parameters can be influenced independently. Yet they are still active and the active region is an integral part of the plasma source. The region adjacent to the treatment area is passive and some of the constraints on the plasma are eliminated. Precursors for growth are seeded in the flow and are dissociated and ionized by electron impact initially. Secondary reactions with produced radicals (see for example equation (4)) or ions are important too. Typical electron densities are in the 10 17 -10 18 m −3 range at electron temperatures of 4-8 eV. The operating pressures can be chosen low (in the milli-Torr range) and thus the dissociation and ionization degree approach the percentage range. A self-bias develops close to the substrate which is typically a factor of five times the electron temperature in pure argon plasma and in the range 20-40 V. An additional RF or DC bias (in the case of the deposition of conductive films) can be applied separately when ion energy is necessary for the production of thin amorphous films. It has been demonstrated that the ion energy and ion density can indeed be independently controlled [19, 20] .
The mentioned high-density remote-type plasmas are now introduced in industry and it has been demonstrated that high-quality thin films can be deposited. Among these are materials such as CF x polymers [21], a-C:H [15] , a-SiO x [16] and diamond [18] . It is evident that highdensity plasma sources open a new field of possibilities of different types of materials with better control of the quality than was available with classical RF capacitively coupled plasma sources.
Although not explicitly mentioned, the high-density sources discussed have their disadvantages too. One of these is the fact that the active region is still an integral part of the plasma source which enables the downstream injected precursors or dissociating fragments to re-enter this active region and thus to cause spurious deposition. This in turn influences the lifetime of the source. Furthermore, due to the low pressure required (in the milli-Torr range) and due to this the low flow utilized (typically in the 100 sccm range), the throughput of these plasma sources is still rather low. An alternative approach to overcome this problem is the plasma source based on an expanding thermal plasma. The remainder of this paper will be devoted to this type of plasma source.
Remote plasma deposition by an expanding thermal plasma
In figure 1 a schematic drawing is given of the plasma used for the fast deposition of a-C:H and a-Si:H. The deposition set-up consists of a cascaded-arc-produced thermal plasma, an expansion vessel and a substrate holder. Through the arc source there is a constant flow, usually of argon or of an argon-hydrogen mixture (typically in the 100 scc s −1 range), at sub-atmospheric pressures, which is ionized to a degree varying from 5 to 25% depending on the arc conditions. The arc plasma expands into the vessel which is kept at low pressure (typically 25 Pa). Downstream precursors for growth such as SiH 4 , C 2 H 2 or CH 4 are injected, into the nozzle, into a ring around the plasma beam or directly into the background. The formed plasma mixture flows towards a substrate holder where deposition takes place. The homogeneity of the deposition is within 20% over an area of 100 cm 2 . A more extensive description of the set-up is given elsewhere [22] [23] [24] .
An essential difference between the expanding thermal plasma and other high-density plasma sources or the capacitively coupled plasmas is the way in which the precursors are dissociated. Because the electron temperature is low within the expansion region [25, 26] , the precursors cannot be dissociated by means of electron impact. Instead they are dissociated by a chain of charge exchange with the Ar + ions produced in the arc, for example for acetylene
followed by dissociative recombination of the formed molecular ion,
and so on, each with different rates. The formed molecules are electronically and rovibrationally excited and, depending on the amount of ions left, undergo another sequence of charge exchange and dissociative recombination. The first step is the time-limiting step with rates of the order of 10 −16 -10 −17 m 3 s −1 [27, 28] . This manner of dissociation of the injected precursor is very efficient and the material freedom is large: all molecules having an ionization potential lower than that of argon, such as SiH 4 and CH 4 , can be dissociated by reactions analogous to equations (5) and (6) . Furthermore, by changing the precursor flow and the arc settings such as power or flow, the dominant radical can be tuned. For example by injecting a little precursor gas into the plasma beam the precursor can be nearly fully dissociated, even up to the atomic components. Note that the sequence of reaction equations (5) and (6) leads to a decrease in the degree of ionization of the plasma as observed by Langmuir probe measurements [29] . For the conditions mentioned the ion density close to the substrate will be of the order of the 10 17 -10 18 m −3 at electron temperatures in the range 2000-3000 K. The self-bias is low, typically 1.5 V for argon plasmas. The substrate can be biased independently by applying an RF bias. Radical and ion fluxes are respectively in the 10 21 -10 22 m −2 s −1 and 10 20 -10 21 m −2 s −1 range. Note that the chemical energy is contained in the ions and or radicals (for example atomic hydrogen) created in the cascaded-arc plasma source and that the ions and or radicals emanating from the cascaded arc are used to dissociate and ionize the injected precursors. Due to the large pressure difference between arc and expansion vessel the source is truly geometrically separated. Another important difference with the other high-density plasma discussed is the larger level of flow and power, respectively in the 100 scc s −1 and several kilowatts range. A large flow of chemical active particles is obtained, thereby bringing high deposition rates over large areas (100 cm 2 ) within reach. Using the described source a-C:H and a-Si:H have been deposited with large growth rates (typically 7 nm s −1 for a-Si:H and up to 50 nm s −1 for a-C:H while maintaining quality).
Deposition of a-Si:H and a-C:H
One of the main advantages to use plasmas to deposit thin amorphous films is the relatively low substrate temperature which can be used (< 400
• C). The reason is that the plasma creates radicals and or ions which have a much higher sticking probability than the injected precursors. The distinction between chemical vapour deposition (CVD) and plasma enhanced CVD is therefore the absence of a high substrate temperature in the latter process. A consequence of this is that the dissociative chemisorption of, for example, SiH 4 during a-Si:H deposition can be neglected. Similar arguments hold for CH 4 and C 2 H 2 during a-C:H deposition.
The reactive sticking probability depends on the surface state. In the case of hydrogenated amorphous silicon and carbon deposition the reactive sticking probability depends critically on whether the surface is hydrogenated or not. The hydrogenation of the surface is a result of the balance of the different fluxes arriving at the surface. Another important aspect of the depositing particle is whether the mobility parallel to the surface is large. Of course this is connected to the state in which the precursor for growth is adsorbed, namely whether the precursor is chemisorbed or physisorbed. In the latter case the binding energy is rather low (typically 0.2-0.8 eV), resulting in relatively large surface mobility already for low substrate temperatures [8] . On the other hand, if the particle is chemisorbed the mobility on the surface is in general low due to the large binding energy (at least over 3 eV for Si-H and C-H). First we will discuss the deposition of a-C:H using an Ar-C 2 H 2 plasma, after which we will describe the deposition of a-Si:H using an Ar-H 2 -SiH 4 plasma.
a-C:H
The settings at which a-C:H films were deposited are given in table 1. The films were analysed using infrared absorption spectrometry to determine the refractive index and the thickness of the films. Also the different C-H bonding types can be distinguished in the region around 3000 cm −1 [30] . Furthermore, the hardness was determined using a nano-indenter. By varying the C 2 H 2 flow and the arc current different films were deposited. In figure 2 the hardness as a function of refractive index in the infrared is given for various arc current and C 2 H 2 flow settings. It can be seen that the hardness correlates with the refractive index, a result which is in agreement with the results of others [2] . Therefore the refractive index is used as an indication of the hardness. Note that the maximum refractive index is around 14 GPa, a value which is approximately 30% lower than the values obtained using the classical RF capacitively coupled plasma source [2, 12] .
In figure 3 the refractive index is given as a function of the C 2 H 2 flow for different arc currents. It is observed that the refractive index has an optimum depending on the arc current and C 2 H 2 flow. Since the ion flux increases with increasing arc current, it can be concluded that, at larger C 2 H 2 flow, more ions are needed to get a higher refractive index (a greater hardness). For example, for a C 2 H 2 flow of 20 scc s −1 we need an arc current of 75 A to get the highest refractive index, for 48 A the optimum is obtained at 10 scc s −1 after which a further increase in the current has little effect on the obtained refractive index and thus hardness. From ion density measurements using Thomson scattering, it can be inferred that the refractive index has an optimum at which the amount of ions emanating from the arc approximately equals the number of injected C 2 H 2 molecules [25] . This suggests that the injected C 2 H 2 is near to being fully dissociated in this particular condition. In fact, looking at the optimum refractive index as a function of the C 2 H 2 flow for the different arc currents it can be concluded that, to obtain a high refractive index (a great hardness), one should adjust the C 2 H 2 flow to match the amount of ions emanating from the arc: much more ions than C 2 H 2 molecules leads to a richer chemistry, much more C 2 H 2 than argon ions leads probably to an interaction of the injected C 2 H 2 left over with the radicals formed in the interactions with the argon ions. In figure 4 the growth rate is given as a function of the C 2 H 2 flow for the same settings as shown in figure 3 . It can be seen that the growth rate increases with increasing C 2 H 2 flow. Combining figures 3 and 4, this means that the quality increases with increasing growth rate. Note that the greatest hardness is obtained at the highest growth rate of approximately 50 nm s −1 . The deposition mechanism of a-C:H using the expanding thermal arc method is still uncertain. However, using a simple model with certain straightforward assumptions we can determine the reactive sticking probability of the depositing radical.
As mentioned the dissociation of C 2 H 2 occurs by means of a charge exchange with the abundant ions in the expansion region. The only exothermic reaction which can occur when a C 2 H 2 radical reacts with an ion is the formation of the [27] . This ion is lost quickly by dissociative recombination with an electron. The rate for these processes is large, typically 10 −13 m 3 s −1 , probably independently of the products formed in the recombination [31] . The deposition of a-C:H is ruled by a particular radical if a particular channel in this recombination is dominant. Using the available literature two channels are dominant, see equations (6a)-(6b), namely the formation of CH and C 2 H [32] . Preliminary emission spectroscopy results in the case of the expanding thermal arc indicate a dominant generation of the C 2 H radical of more than 90% [33] . Therefore in the simple model that we are going to discuss we will assume that the C 2 H radical is dominantly formed in the expansion region.
From the results presented in figure 3 we concluded that, under optimum conditions, the C 2 H 2 flux equals the ion flux. Therefore it seems logical to assume that the C 2 H radical flux equals the initial ion flux. In that case the C 2 H radical flux can be calculated if the ion flux is known. On the other hand, from the deposition rate measured (obtained from the thickness determined from the infrared transmission spectra and the deposition time), the C 2 H flux which actually contributes to growth can be calculated. For this we need the density of the a-C:H deposited. This is done by assuming a density of 1650 kg m −3 for a infrared refractive index of 2, a value confirmed by nuclear analysis measurements. Furthermore, we take the differences due to the refractive indices measured into account by means of a Clausius-Mossoti type of equation. The ratio of the two calculated fluxes gives the reactive sticking probability and is shown in figure 5 for the different arc current and C 2 H 2 flow settings. In this calculation we only took into account those films with a refractive index larger than 1.9, namely the region in figure 3 within which an optimum refractive index is observed. It can be seen that the reactive sticking probability is constant for the different plasma settings and is approximately 5%, indicating that the deposition for these different conditions is indeed controlled by a similar deposition process. Note that this 5% sticking probability is based on the assumption that the C 2 H 2 is nearly fully dissociated. The other extreme case is that the C 2 H 2 degree of dissociation is only 5% and the sticking probability equal to unity. This seems unlikely because we observed that the quality of the deposited C 2 H 2 attains its maximum under conditions for which the number of argon ions emanating from the arc equalled the amount of injected C 2 H 2 . Furthermore, the refractive index and hardness depend on the C 2 H 2 flow at constant arc current. This indicates a critical dependence on the radical composition which is only possible when the dissociating capacity of the plasma emanating from the arc is exactly that required to dissociate the amount of C 2 H 2 injected. Only in this case is the radical composition specific.
We observed that the hardness increased with increasing growth rate.
Microscopically this means that the connectivity of the network was improved; that is, either the sp 3 /sp 2 ratio was increased or the hydrogen content was decreased. Note that the deposition rates are large, more than an order of magnitude larger than deposition rates obtained using other techniques such as the classical RF PECVD. Note, furthermore, that the increase in hardness is not controlled by ion kinetic energy as is usually assumed [34, 35] . An important issue is that the growth of a-C:H using the expanding cascaded-arc set-up is fully surface-determined due to the absence of ion bombardment. Support for this is found in recent results of Keudell et al [4] , who used in situ ellipsometry to determine the interaction depth as a function of the ion energy. Extrapolation of these measurements to ion energies relevant for the expanding thermal arc plasma means that the interaction depth at 1.5 eV is at most one monolayer thick. Moreover, the ion flux decreases as more C 2 H 2 is injected, see equations (5) and (6), which means that the growth rate increases with decreasing ion flux. We therefore conclude that the deposition of a-C:H using the expanding thermal arc is ruled by surface processes.
If the assumptions made, namely that C 2 H is the depositing particle, are correct, the observed reactive probability is rather low because it is generally assumed that C 2 H has a sticking probability nearly equal to unity on a non-hydrogenated surface [36] . Hence, we have to conclude that the surface is hydrogenated, leading to a smaller effective sticking probability (a similar reason would hold for the radical CH [37] ) which depends on the exact surface state. Since the refractive index is almost independent of the substrate temperature in the range 50-150
• C, we assume that the C 2 H radical is directly incorporated when arriving at a dangling bond. On the other hand, when the C 2 H radical arrives at a hydrogenated site it either abstracts a hydrogen and desorbs as C 2 H 2 or it is reflected. Therefore the effective sticking probability equals the hydrogen surface coverage, which results from the arriving H and C 2 H fluxes.
a-Si:H
Using the expanding plasma beam set-up a-Si:H films were deposited. The best conditions to deposit a-Si:H investigated so far are given in table 2. The argon plasma in the arc is diluted by hydrogen, leading to predominantly H and H + emanating from the arc. In the expansion the ion density quickly decreases due to the observed anomalous recombination [38] . Therefore atomic hydrogen is the only active species which is able to dissociate the injected SiH 4 downstream. Probably this favours the abstraction reaction of SiH 4 , equation (4) , leading predominantly to the SiH 3 radical. Furthermore, the conditions are such that only one abstraction reaction occurs in the gas phase from the point of injection of SiH 4 to the substrate. If the arc plasma is not diluted with hydrogen, Ar ions will be the active species and similar reactions of these ions with SiH 4 will occur as given in equations (5) and (6) . However, because SiH + 4 is unstable the charge exchange step will lead to SiH + 3 , which will dissociatively recombine to form SiH 2 . The films deposited without the dilution of H 2 usually have a porous structure, probably as a consequence of the formation of SiH 2 [29] .
From Langmuir probe measurements it was concluded that the ion density decreased when the growth rate increased [29, 39] . Combining this with the fact that the measured self-bias voltages are low, leads us to the conclusion that the growth of a-Si:H in this case is again totally surface process determined. In table 3 the results obtained up to now are shown. The important properties such as the density of states (DOS) at midgap and the photoresponse are within the device quality range needed for photovoltaic applications [1] . It should be noted that we need a relatively high substrate temperature of 320
• C in comparison with the deposition of a-Si:H using classical RF plasmas (250 • C). This is consistent with the high deposition rate (see table 3), as was discussed by Matsuda et al [3] . Since the abstraction reaction equation (4) is favoured under the conditions given in table 2, we will assume that the deposition is mainly governed by the SiH 3 radical. Using the frequently reported sticking probability of approximately 0.1 [3, 8, 9, 13] 
This flux should equal the thermal flux of the SiH 3 radical towards the growth surface. Using a temperature of 2000-3000 K for the SiH 3 radical leads to a SiH 3 density of 10 19 m −3 . At the given flow settings and pressure, this would mean that silane is dissociated to a degree of 10-25%. This degree of dissociation is consistent with the assumption that one abstraction reaction occurs during the transport of the plasma from injection to substrate. Here we have neglected direct incorporation of the arriving radicals, since the sticking probability is 0.1 and we assume that the deposition is determined by the thermal SiH 3 flux. If, however, there is a contribution from the SiH 2 radical, which has a sticking probability of 0.7, a lower degree of dissociation would result [13] .
The strong temperature-dependence of thermal growth of device quality a-Si:H using the expanding arc technique can be explained as follows [40] . A model, similar to that of Matsuda et al [3, 8, 9] will be employed here. The surface coverage of the hydrogenated surface is determined by three processes. The first one is the sticking of the SiH 3 radical which diffuses on the hydrogenated surface to a non-hydrogenated site with sticking probability P s . The second process is the abstraction of a hydrogen atom by a SiH 3 radical with probability P a . The sticking and abstraction probability are a function of the hydrogen surface coverage θ H which should be close to unity [6] . It is essential that in these probabilities the processes occurring in the physisorbed state are included. Moreover, since the hydrogen coverage is close to unity [6, 7] , the growth through the physisorbed state is dominant. The balance for the surface coverage θ H is given by SiH3 (1 − θ H )P s − SiH3 θ H P a − Nθ 2 H /τ des = 0 (8) with N the total number of growth sites and τ des the time for thermal desorption of H 2 . Since the growth rate is proportional to the first term it means that, when the growth rate is large, the thermal desorption can be neglected. Since the abstraction probability is lower for higher substrate temperatures this means that the amount of dangling bonds on the surface (1−θ H ) is lower for larger growth rates. This eventually leads to lower defect densities as the dangling bonds on the surface are statistically incorporated into the bulk [3, 8, 9] . So better material is deposited at larger growth rates since thermal desorption, a defect creating mechanism, can be neglected. Increasing the substrate temperature together with an increasing SiH 3 flux (thus increasing the growth rate) increases the quality of the a-Si:H deposited.
Conclusions
The different plasma deposition techniques were discussed. It has been shown that, in terms of specific plasma parameters, the expanding thermal arc is similar to other high-density sources. The throughput, however, in terms of deposition rate is larger for the expanding thermal arc technique. The deposition of a-Si:H and a-C:H using the expanding thermal technique has been discussed. Highquality a-Si:H and a-C:H were deposited at relatively large rates, 7 nm s −1 for a-Si:H and 50 nm s −1 for a-C:H. Furthermore, it was argued that an increasing growth rate does not necessarily lead to lower quality.
